Background: Allergic diseases have become a major public health problem in afflu-
encountered through the birth canal and during breastfeeding, in the contact with parents and medical staff and through breathing. 6 Moreover, it has been observed that maternal intrapartum antibiotic administration contributed to the shaping of the microbial colonization pattern in the neonatal oral cavity. 7 During the initial period, the microbiota composition of different niches of the neonate's body highly resembles each other. 8 Nichespecific establishment of a microbiota of increasing complexity then occurs, concurrent with immune system maturation. 9 However, relatively little is known about how the microbiome develops at extraintestinal sites during infancy. As yet, there are no published longitudinal studies regarding oral microbiota development during early childhood with culture-independent next-generation sequencing methodology.
Accumulating evidence shows a close relationship between microbial dysbiosis during infancy and allergy development during childhood. 2, 3 Factors such as early-life antimicrobial exposure, 10 cesarean delivery, 11 formula feeding, 12 and maternal consumption of antimicrobials during pregnancy 13 have been identified to have capacity to influence microbial composition, thus potentially contributing to allergic disease development in childhood. Most of the studies present today are describing the microbial colonization in the gut, 3, 9 yet there are also indications that microbial colonization of the skin 14, 15 and respiratory tract might be associated with allergies. 16 While some studies are demonstrating the bacterial dysbiosis and lower microbial diversity already before the onset of the allergic disease, 14, [17] [18] [19] [20] [21] other are describing and comparing the differences in microbiota in children having allergies and being healthy. 15 Because the oral cavity is the first line of encounter between the immune system and the majority of foreign antigens, it is plausible to believe that the oral microbiota might have a crucial role in allergy development. While gut, skin, and nasopharyngeal microbial dysbiosis during infancy have earlier been associated with the aberrant development of immune responses and allergy, 14, 18, 19 the influence of oral bacteria on allergy development has not yet been studied in longitudinal cohorts and needs to be further addressed.
In this study, we aimed to evaluate the longitudinal development of oral microbiota during infancy and childhood in saliva samples from children developing allergies and children staying healthy up to 7 years of age using culture-independent next-generation sequencing methodologies.
| METHODS
For detailed methods, experimental protocols, and statistical analyses, see the Methods section in this article's supplementary information.
G R A P H I C A L A B S T R A C T
Early changes in oral microbial composition seem to influence immune maturation and allergy development. Oral microbiota increases in bacterial diversity and richness through time. By 7 years of age, allergic children have a lower diversity of salivary bacteria, as well as a highly divergent bacterial composition, compared to healthy children.
| Sample collection and study design
The infants included in this study were part of a larger randomized 
| Bioinformatics and statistics
Only overlapping paired-end reads were used for analysis. Sequences of <250 nucleotides in length were not considered; 5 0 trimming was performed by cutting out nucleotides with a mean quality of <30 in 20-bp windows. Chimeric 16S sequences were filtered out using USEARCH prior to taxonomical classification by RDP classifier. Operational taxonomic units (OTUs) were generated using CD-HIT OTU picking with 97% of similarity. The human oral microbiome database (HOMD) was used as a reference database for OTU assignment.
a-diversity analysis was utilized to estimate the samples' diversity and richness using the R-package Vegan. Constrained correspondence analysis (CCA) was used here to emphasize variation and bring out strong patterns in a dataset. This analysis was performed by R software ade4 package together with permutational multivariate analysis (Adonis) determining the differences in variance between groups.
Linear discriminant analysis effect size (LEfSe) was used to deter- 
| RESULTS
After quality filtering, 30 870 369 high-quality sequences were obtained, with an average of 92 700 AE 3652 (SEM) reads per sample.
| Bacterial diversity and density in saliva
An overall increase in microbial diversity and richness was observed through time, reaching over 450 species at 7 years of age. Children developing allergic diseases had significantly lower bacterial diversity at 7 years, when compared with children staying healthy ( Figure 1A , P = .037). Moreover, a similar trend was observed at 7 years of age in children developing asthma ( Figure 1B , P = .044). No significant differences were observed upon comparing species richness between children staying healthy and children developing allergic diseases during the first 7 years of age ( Figure 1C ). However, children developing asthma tended to have higher bacterial richness at 12 and 24 months ( Figure 1D ).
In subjects with allergies, the effect of asthma medication on microbiota diversity (using species-level OTUs), at 7 years of age, was taken into account. When comparing healthy children and children developing allergies that were not taking asthma medication, a similar trend was observed (Shannon diversity index;
Median Healthy = 2.82, Median Allergic = 2.26, P = .066). As only 4 asthmatic children were not taking asthma medication at 7 years, this could not be statistically evaluated.
To better understand the progress of bacterial density through the children's age, the bacterial load (bacterial cells/mL saliva) in saliva samples was measured. While there were no significant differences between children developing allergies/asthmatic symptoms and children staying healthy ( Figure S2 ), an overall growth of bacterial density was observed from 3 months to 7 years, reaching levels of 10 8 bacterial cells/mL saliva. Also, children developing allergic disease tended to have higher levels of bacterial load at 7 years of age (P = .054, Figure S2A ), when compared to children staying healthy.
Individuals with low or high bacterial load through time did not correspond to any of the clinical variables measured, such as sex, antibiotic use, or probiotic supplementation.
| Microbial colonization patterns
Adonis testing supported the clustering of children's oral microbiota according to time of development, giving significant P-values (Figure 2) . Furthermore, canonical correspondence analyses demonstrated that, during the first 2 years of life, no clear separation of microbial patterns between children staying healthy and children developing allergies was detected ( Figure 2A ). However, differences in microbiota patterns appeared at 7 years of age between healthy and allergic children, and a similar trend was observed when including children having asthmatic symptoms only ( Figure 2B ).
The LEfSe algorithm was applied for biomarker discovery. Bacterial genera that were increased in abundance in healthy children, as compared with children developing allergies during the first 7 years of age, were Eubacterium and Neisseria at 3 months ( Figure 3A) , Lactobacillus, Alloprevotella, Corynebacterium, Selenomonas, and Eubacterium at 6 months ( Figure 3B ), and Lactobacillus, Selenomonas, Veillonella, Megasphaera, Fusobacterium, and Lachnoanaerobaculum at 7 years ( Figure 3C ). Genera that were associated with allergy development were Bacteroides at 3 months and Gemella at 7 years
Bacterial genera that were increased in abundance in children developing asthmatic symptoms as compared with healthy children
were Alloprevotella at 12 months of age ( Figure 4A ) and Staphylococcus at 24 months of age ( Figure 4B ). Upon checking the staphylococci species present (hits with >97% of identity over at least 350 bp alignment length), S. capitis (79% of the Staphylococcus sequences), S. hominis (15%), and S. warneri (4%) were the most abundant. Bacterial genera that were increased in abundance in healthy children were Lactobacillus and Atopobium at 24 months of age ( Figure 4B ) and Fusobacterium, Capnocytophaga, Lactobacillus,
and Streptococcaceae at 7 years of age ( Figure 4C ).
| Microbial species biomarkers
The differences in bacterial composition between children staying healthy and children developing allergies and/or asthma were further evaluated at species-level OTUs (>97% of nucleotide identity) using
LefSe for biomarker discovery. At 3 months of age ( Figure 5A ), bacterial species that were significantly increased in abundance in children staying healthy until 7 years were, among others, Prevotella sp. found in increased abundance in children staying healthy at different time points during that 7-year period.
| Influencing factors
The CCA statistic tool was used to examine the influence of confounding factors on microbial colonization patterns. No effect of delivery mode, antibiotic treatments, partial breastfeeding, and maternal allergy on microbial composition in children developing allergies or asthmatic symptoms could be observed (data not shown). However, probiotic supplementation with L. reuteri ATCC 55730 during the first year of age appeared to influence the association of microbial composition with asthma, but not allergy development, at 12 months, 24 months, and 7 years of age ( Figure S2 ; P = .0083, Adonis permutational analysis).
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F I G U R E 2 Salivary microbiota colonization patterns in children developing allergies and children staying healthy up to 7 y of age. Constrained correspondence analyses (CCA), here used to emphasize variations in microbiota species-level patterns, show compositional characteristics of total microbiota at different time points. The percentage of variation explained by constrained correspondence components is indicated on the axes. A, Microbial composition differences in saliva of infants staying healthy and infants developing allergies during the first 7 y of age (P = .001). B, Microbial composition patterns of salivary samples in children developing asthmatic symptoms and children staying healthy up to 7 y of age (P = . 
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F I G U R E 3 Salivary bacterial genera associated with allergy development during the first 7 y of age. The plots show statistically significant genera associated with allergy development at A, 3 mo, B, 6 mo, and C, 7 y of age. The LEfSe algorithm was used for biomarker discovery, and the threshold for logarithmic discriminant analysis (LDA) score was 2. Sample sizes were as follows: sal glycosylation, and immune maturation. 24 However, Bacteroides is not a common oral inhabitant under healthy circumstances. 4 In addition, as these bacteria are potent stimulators of the immune system, the host immune responses can differ between the immunomodulatory molecules from different species of Bacteroides, 25 possibly leading to aberrant immune development. Gemella is a predominant genus of the mucosal epithelium, 4, 26 and in this study, it was related to allergy development in saliva samples particularly collected at 7 years of age, while, at species level, G. haemolysans was found to be associated with allergy development not only at 7 years of age, but also at 2 years, 1 year, and as early as 3 months of age.
G. haemolysans has previously been shown to produce human IgA1 protease activity, 27 a feature that is unique to this species within the genus Gemella, suggesting that its potential use as an early diagnostic marker in altered mucosal immunity deserves further investigation.
The primary colonizers of the oral microbiota, including both mucosal and tooth surfaces, are commonly streptococci, accounting for approximately 80% of early biofilms. 6 Most oral streptococci are commensal, frequently acquired during breastfeeding, 28 although some are known to cause infective endocarditis when disseminated through the bloodstream. 29 We observed that S. parasanguinis, a member of viridans streptococci, 30 and S. lactarius, belonging to the S. mitis group, 31 were here associated with allergy development in saliva samples from 3, 12, 24 months, and 7 years of age. Both of these species have been described as primary colonizers, with S. parasanguinis frequently found in the tongue dorsum 26 and S. lactarius isolated from breast milk of healthy women. 32 Moreover, children developing asthmatic manifestations also had higher abundance of several Streptococci, including S. sanguinis (at 6 months), S. salivarius/vestibularis and S. cristatus (at
F I G U R E 4 Salivary bacterial genera associated with asthma development during the first 7 y of life. A, At 12 mo of age, only the genus Alloprevotella was increased in abundance in children developing allergies. B, Genera associated with children developing allergies (gray) and children staying healthy (orange) at 24 mo of age. C, At 7 y of age, all significant differences corresponded to bacteria associated with healthy children. The LEfSe algorithm was used for biomarker discovery, and the threshold for logarithmic discriminant analysis (LDA) score was 2. Neisseria sicca/mucosa/flava were increased in abundance in children staying healthy. The genus Neisseria is an abundant member of the oropharyngeal flora, 33 tongue, oral mucosa, and dental plaque. 26 Furthermore, higher abundance of Corynebacterium at 38 and it has also been evaluated as a possible treatment of allergic rhinitis, 39 demonstrating that supplementation with L. gasseri may be beneficial because of its effect on nasal blockage 39 and decreased nasal clinical symptoms scores in children suffering from allergic rhinitis. 40 As L. crispatus and L. gasseri were also observed to suppress allergic responses 41 and reduce mite-induced airway inflammation and hyperresponsiveness in mice models, 42 these species may have a protective role in asthma development and deserve to be further investigated.
The use of antibiotics during the first years of life, birth mode, feeding habits, and urban vs farm living have all been shown to affect microbiota composition, 43 and several studies have found associations between these factors and allergy development. 3 To understand how these early-life risk factors may be related to allergy development during childhood, it is of great importance to consider how they affect the microbiome development in early infancy. Delivery mode, breastfeeding duration, antibiotics intake, and maternal allergy seem not to have influence on the microbiota in relation to allergy and asthma development in our study population because the discovered differences are driven by health status (eg, if children developed allergies or stayed healthy).
However, the majority of the infants were exclusively breastfed until 3 months of age (Table 1) , upon the first collection of the saliva samples, making it difficult to demonstrate the possible differences between breastfed and not breastfed infants due to low statistical power. Supplementation with L. reuteri during the first year of life seemed to influence the association between oral microbiota composition and asthma development ( Figure S2 ). This was reflected in distinctive microbiota clustering at 12 and 24 months and 7 years of age between children taking probiotics and not developing asthma and children that did not take probiotics and developed asthma. However, the probiotic intervention in this study did not directly reduce asthma development in the cohort. Reduced allergen responsiveness have previously been observed in L. reuteri supplemented infants, suggesting enhanced capacity for immunoregulation during infancy, 44 
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